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Summary
Introduction:  A  knee  is  typically  evaluated  passively  by  a  clinician  during  an  ofﬁce  visit,  with-
out using  dedicated  measurement  tools.  When  the  knee  is  evaluated  with  the  patient  standing
and actively  participating  in  the  movement,  the  results  will  differ  than  when  the  knee  is  pas-
sively moved  through  its  range-of-motion  by  the  surgeon.  If  a  precise  measurement  system  was
available, it  could  provide  additional  information  to  the  clinician  during  this  evaluation.
Hypothesis:  The  goal  of  this  study  was  to  verify  the  reproducibility  of  a  fast,  ﬂexible  optical
measurement  system  to  measure  rotational  knee  laxity  during  weight-bearing.
Material  and  methods:  Two  passive  reﬂective  targets  were  placed  on  the  legs  of  11  subjects  to
monitor femur  and  tibia  displacements  in  three  dimensions.  Subjects  performed  internal  and
external rotation  movements  with  the  knee  extended  or  ﬂexed  30◦.  During  each  movement,
seven variables  were  measured:  internal  rotation,  external  rotation  and  overall  laxity  in  exten-
sion and  30◦ ﬂexion,  along  with  neutral  rotation  value  in  30◦ ﬂexion.  Measurement  accuracy
was also  assessed  and  the  right  and  left  knees  were  compared.  Reproducibility  was  assessed
over two  measurements  sessions.
Results:  The  calculated  intra-class  correlation  coefﬁcient  (ICC)  for  reproducibility  was  above
0.9 for  ﬁve  of  the  seven  variables  measured.  The  calculated  ICC  for  the  right/left  comparison
was above  0.75  for  ﬁve  of  the  seven  variables  measured.
Discussion:  These  results  conﬁrmed  that  the  proposed  system  provides  reproducible  measure-
ments. Our  right/left  comparison  results  were  consistent  with  the  published  literature.  This
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system  is  fast,  reproducible  and  ﬂexible,  which  makes  it  suitable  for  assessing  various  weight-
bearing movements  during  clinical  evaluations.
Level  of  evidence:  Level  III,  experimental  study.
© 2012  Elsevier  Masson  SAS.  All  rights  reserved.
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 clinical  knee  evaluation  is  typically  done  through  passive
ovements  in  a  patient  who  is  lying  down.  The  evalua-
or  performs  standardized  tests  such  as  the  Lachman  and
ivot  shift  tests.  These  tests  are  used  to  evaluate  laxity
uring  knee  rotation  in  every  plane:  ﬂexion-extension,
arus-valgus,  internal-external  rotation  [1,2]. Many  studies
ave  shown  the  advantage  and  accuracy  of  using  measuring
nstruments  such  as  the  KT-1000,  Genucom  [3,4], GNRB  [5]
r  even  the  Telos  [3,6]. These  instruments  provide  objec-
ive  measurements  of  knee  laxity  in  the  anterior-posterior
lane.  A  few  studies  have  evaluated  the  reproducibility  of
lectromagnetic  methods  to  objectively  measure  movement
uring  the  pivot-shift  test  [7]  and  optical  systems  to  measure
nee  rotation  during  walking  [8].  The  advantages  of  using  an
bjective  measurement  system  to  analyse  laxity  during  knee
otation  was  recently  demonstrated  [9].
In  contrast  to  a  clinical  examination,  active  knee  rota-
ion  can  be  measured  during  biomechanical  studies,  with  the
ubject  performing  movements  while  standing  and  weight-
earing  on  the  knee.  Knee  internal  and  external  rotation
as  been  shown  to  be  different  between  weight-bearing
nd  non-weight-bearing  movements  [10]. Lo  et  al.  [11]
erformed  an  in  vitro  study  simulating  knee  movements
nd  found  that  it  was  preferable  to  work  with  a  weight-
earing  knee.  Data  captured  by  motion  analysis  systems  are
hen  processed  to  extract  information  about  knee  range-
f-motion  during  ﬂexion,  varus-valgus  movements,  internal
nd  external  rotation  that  is  useful  to  the  clinician.  The  test
rotocol  is  often  quite  involved.  It  includes  a  lengthy  cali-
ration,  palpation  of  anatomical  landmarks,  placing  markers
n  the  subject  and  then  ﬁnally  capturing  the  subject’s
ovements.  The  acquired  data  then  have  to  be  processed
o  extract  joint  range-of-motion  information.  For  these
easons,  these  systems  are  mostly  used  in  a  research  con-
ext.  Use  during  clinical  ofﬁce  visits  is  difﬁcult  to  ima-
ine.
And  yet,  measuring  the  rotation  of  the  tibia  relative  to
he  femur  has  increasingly  become  important  as  we  learn
ore  about  knee  injuries.  Multiple  studies  have  been  carried
ut  recently  on  the  recovery  of  rotation  kinematics  after
nterior  cruciate  ligament  (ACL)  surgery  as  a  function  of
he  surgical  technique  (single  or  double-bundle)  and  type  of
upture  (complete  or  partial).  These  studies  compared  the
inematics  of  the  injured  knee  before  the  surgery  and  reha-
ilitation  with  the  kinematics  of  a  healthy  knee  [12,13].  In
nee  replacement  surgery,  kinematics  analysis  is  also  essen-
ial  to  prosthesis  design  and  the  choice  between  ﬁxed  or
obile  polyethylene  tibial  bearings.  The  degree  to  which  a
rosthesis  allows  rotation  of  the  tibia  relative  to  the  femur
ust  also  be  assessed  so  that  normal  knee  kinematics  can
e  reproduced  as  much  as  possible  [14,15].
•In this  context,  we  wanted  to  develop  a  simple  opti-
al  measurement  system  that  can  quickly  and  reproducibly
valuate  knee  laxity  during  internal  and  external  rotation
uring  weight-bearing  under  clinical  conditions.  The  focus
as  on  internal  and  external  rotation  of  the  tibia  relative
o  the  femur,  as  these  are  the  most  difﬁcult  for  a  clinician
o  evaluate.  To  validate  this  system,  reproducibility  tests
ere  performed  on  11  healthy  subjects.  We  then  compared
easurements  on  the  right  leg  with  those  of  the  left  leg
o  evaluate  the  hypothesis  that  one  knee  can  legitimately
e  compared  to  the  contralateral  knee  for  measurements  of
ibia  internal  and  external  rotation.
aterial and methods
tudy  population
he  study  was  performed  on  a  continuous  series  of  11  sub-
ects,  10  men  and  one  woman,  having  an  average  age  of
7  years  and  9  months  (min  21,  max  37)  and  an  average  mass
f  77  kg  (min  54,  max  110).  Subjects  did  not  have  a  history
f  injury  or  trauma  to  the  legs.  Both  knees  were  evaluated
n  each  subject,  which  provided  data  for  a  continuous  series
f  22  healthy  knees.
easurement  system
e  used  a  portable  three-dimensional  optical  measure-
ent  system  (Polaris,  Northern  Digital  Inc.,  Waterloo,  ON,
anada).  This  system  is  typically  used  during  computer-
ssisted  surgery.  Two  interdependent,  calibrated  cameras
ith  light  emitting  diodes  are  used  to  detect  marker  move-
ents.  Each  target  consisted  of  three  passive  reﬂective
arkers  at  a  known  distance  from  each  other.  The  measure-
ent  system  recognizes  these  targets  directly.  Their  position
n  the  working  space  is  sent  via  a  serial  port  to  a  computer.
his  system  can  operate  at  deﬁned  frequencies  of  20,  30  or
0  Hz.  We  used  a  30  Hz  frequency  in  this  study.  The  preci-
ion  determined  by  the  manufacturer  (0.5  mm  and  0.5◦)  has
een  independently  evaluated  and  conﬁrmed  [16—18].
Software  was  developed  in  our  department  using
abView® (National  Instruments  Corporation,  Austin,  Texas,
SA)  to  acquire  and  process  the  Polaris  data.  This  software
ad  multiple  functions:
 data  entry  to  identify  the  patient  (civil  status,  type  of
test);
 initialization  of  the  test  when  the  subject  was  in  the  refe-axis);
 real-time  calculation  and  display  of  tibia  rotation  rela-
tive  to  the  femur  based  on  the  three  axes  of  rotation  in
earing  knee  161
Figure  1  Position  of  feet  on  the  ground  during  the  test.
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the  ‘‘Joint  Coordinate  System’’  (JCS)  deﬁned  by  Grood
and  Suntay  [19], restated  in  the  International  Society
for  Biomechanics  recommendations  [20]  and  known  to  be
valid  for  the  study  of  knee  movements  [21];
• recording  of  instantaneous  values  acquired  by  a  potential
second  system;
•  display  and  recording  of  maximum  and  minimum  values
obtained  during  the  movement;
• resetting  of  maximum  and  minimum  values  after  each
movement  is  performed.
The  measurement  system  was  always  run  by  the  same
person,  who  was  experienced  and  well  trained  with  the  tool.
Test  protocol
The  subject  stood  in  bare  feet,  wearing  underwear  or  shorts
to  only  show  the  legs.  Two  targets  were  placed  on  the  sub-
ject:  one  on  the  lateral  side  of  the  thigh,  about  10  cm  above
the  lateral  condyle,  and  one  on  the  antero-lateral  side  of
the  lower  leg,  about  10  cm  below  the  head  of  the  ﬁbula.
These  targets  were  developed  speciﬁcally  for  lower  limb
studies.  The  targets  were  rectangular  in  shape  and  consisted
of  a  7  mm  thick  rigid  melamine  plate  on  the  side  visible  to
the  camera  (outside)  and  shaped,  high-density  EVA  foam  on
the  inside  surface  to  optimize  contact  with  the  limb.  The
targets  were  attached  to  the  segments  using  a  compressive
Velcro® strap.  Because  of  the  foam’s  roughness,  the  target
did  not  move  once  it  was  attached  to  the  leg.  Once  the  tar-
gets  were  placed  on  the  subject,  he/she  performed  a  few
simple  movements  to  ensure  that  the  targets  did  not  move.
The  use  of  large  targets  with  three  reﬂective  markers
reduces  potential  measurement  errors  due  to  soft  tissue
placement.  The  target  itself  does  not  deform  when  one  area
moves  relative  to  another.  Also,  to  reduce  known  artefacts
related  to  soft  tissue  movement,  these  tests  were  performed
without  impact.  The  feet  were  required  to  stay  in  the  same
position  during  the  entire  test,  and  the  movements  were
performed  slowly.
The  subject  stood  with  feet  20  cm  apart.  Two  parallel
reference  lines,  20  cm  apart  were  placed  on  the  ground  so
that  each  line  passed  under  the  subject’s  foot,  from  the  mid-
dle  of  the  heel  to  the  middle  of  the  big  toe  (Fig.  1).  A  vertical
reference  target  was  attached  to  a  stand  (Fig.  2a).  This  stand
was  placed  so  that  the  reference  target  was  parallel  to  the
reference  lines.  This  target  was  used  to  deﬁne  the  reference
axis  when  the  measurement  system  was  initialized.
Since  we  speciﬁcally  wanted  to  measure  rotation  of  the
tibia  relative  to  the  femur,  the  exact  position  of  the  tar-
gets  did  not  matter.  The  target  had  to  be  solidly  attached  to
the  segment,  so  any  change  in  its  orientation  corresponded
directly  to  a  change  in  the  position  of  underlying  bone.  The
relative  rotation  of  two  markers  in  space  is  independent  of
the  original  position  of  the  markers;  only  the  orientation
of  the  markers  themselves  is  important.  To  ensure  that  the
orientation  of  the  markers  on  our  targets  provided  useable
data,  a  reference  position  was  used  to  transform  the  track-
ing  markers  attached  to  the  bone  segments  so  that  these
markers  were  aligned  with  the  markers  on  the  reference  tar-
get.  This  allowed  the  transformation  matrix  of  the  tracking
marker  relative  to  the  reference  marker  to  be  calculated.
Z
t
w
this  matrix  was  valid  for  the  entire  measurement  session  as
ong  as  the  subject  did  not  more  his/her  feet  relative  to  the
round.
nitial  position  in  extension
t  the  start  of  the  test,  the  subject  stood  in  a  neutral  posi-
ion  with  feet  on  the  reference  lines.  The  knees  were  fully
xtended.  The  subject  was  directed  to  look  straight  ahead
o  a  point  on  the  horizon  (Fig.  2a).
With  the  subject  in  position  and  all  the  targets  visible
o  the  measurement  system,  the  operator  initialized  the
eference  position.  Values  for  rotation  in  ﬂexion-extension
FE),  internal  and  external  rotation  (IR,  ER)  and  varus-valgus
Var-Val)  were  set  to  0  in  the  system.
alculation  of  the  Joint  Coordinate  System  (JCS)
nce  the  initial  position  in  extension  was  captured,  the
ystem  calculated  the  reference  position.  Given  that  the
ubject  was  standing  in  full  extension,  with  the  feet  20  cm
part,  parallel  to  each  other  and  in  line  with  the  reference
arget,  the  vertical  axis  (Y)  of  the  reference  target  corre-
ponded  to  the  vertical  axis  of  the  femur  and  the  vertical
xis  of  the  tibia  in  the  reference  position.  Similarly,  the
nterior-posterior  axis  (X)  and  the  medial-lateral  axis  (Z)
or  the  reference  target  corresponded  to  the  X  and  Z  axes
or  the  femur  and  tibia  in  the  reference  position.  The  JCS
as  when  used  to  interpret  the  rotation  during  the  entire
ovement  phase.  Rotation  of  the  tibial  marker  was  decom-
osed  relative  to  the  femur  marker  in  the  order  Z,  X,  Y.  The
-axis  was  the  femur  medial-lateral  axis,  the  Y-axis  was  the
ibia  vertical  axis  and  the  X-axis  was  the  ‘‘ﬂoating  axis’’,
hich  means  that  at  any  point  in  time,  it  was  orthogonal  to
he  other  two  axes.
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Aigure  2  Subject  position  during  the  test  in  full  extension;  a:
0◦ of  rotation  to  the  left;  c:  torso  in  90◦ of  rotation  to  the  righ
nternal  and  external  rotation  movements  in
xtension
nce  the  initial  position  was  recorded,  the  subject  was
sked  to  slowly  rotate  the  head  and  shoulders  to  one  side
y  90◦ (Fig.  2b)  while  maintaining  the  knees  extended  and
he  feet  glued  to  the  ground.  The  operator  made  sure  that
he  subject  followed  instructions  during  the  movement.
nce  the  rotation  was  performed,  the  subject  returned  to
he  neutral  starting  position  and  stopped  for  1  or  2  s  to
ake  sure  that  momentum  was  not  carried  over  to  the  next
ovement.  The  subject  then  preformed  the  same  slow  90◦
otation  movement  to  the  other  side  (Fig.  2c)  and  returned
o  the  neutral  starting  position.  If  the  movement  was  per-
ormed  correctly,  the  values  were  recorded.  The  maximum
alue  (positive)  corresponded  to  internal  rotation  and  the
inimum  value  (negative)  corresponded  to  external  rota-
ion.  The  entire  internal-external  rotation  movement  took
bout  10  s.  It  was  performed  slowly  enough  to  be  sure  that
o  confounding  skin  movement  occurred  due  to  momentum.
he  entire  movement  was  repeated  ﬁve  times.  The  testing
eriod  was  about  1  min  long.
otation  movements  in  30◦ ﬂexion
he  subject  was  then  asked  ﬂex  his/her  knees  by  30◦.  Real-
ime  feedback  on  the  computer  screen  was  provided  to
he  subject  to  attain  30◦ of  ﬂexion.  Once  the  required  ﬂe-
ion  was  achieved,  the  subject  performed  the  same  inter-
al  and  external  rotation  movements  as  those  performed
uring  extension.  The  operator  made  sure  that  the  subject
aintained  30◦ of  ﬂexion  during  the  movement  and  that  theubject  regained  the  appropriate  ﬂexion  angle  when  return-
ng  to  the  neutral  starting  position.  A  variation  of  ±  3◦ ﬂexion
as  acceptable.  The  neutral  rotation  position  at  30◦ ﬂex-
on  was  automatically  recorded  at  the  start  of  every  test
t
T
cial  position;  vertical  marker  on  stand  on  left  side  of  b:  torso  in
epetition  and  was  compared  to  the  neutral  rotation  position
hile  in  full  extension.
The  subject’s  two  lower  limbs  were  measured  one  after
he  other.  The  order  in  which  the  lower  limbs  were  tests  was
andomized.
eproducibility
o  evaluate  the  reproducibility  of  the  system  and  method,
ach  subject  performed  the  testing  twice,  at  least  one  day
part;  the  median  time  between  both  tests  was  1  day  (min:
 day,  max:  30  days).
alculation  of  results
uring  each  test  period,  each  knee  had  two  test  con-
itions:  extension  (labelled:  Flexion0)  and  30◦ ﬂexion
labelled:  Flexion30).  The  magnitude  of  the  total  rotation
R Total  =  R  Internal  −  R  External)  was  calculated  for  each
omplete  movement  involving  internal  rotation  (R Internal)
nd  external  rotation  (R External).  An  average  was  taken  of
he  ﬁve  repeats  for  each  test  condition  (Flexion0  and  Flex-
on30).  An  average  was  also  taken  of  the  ﬁve  repeats  for  the
eutral  rotation  at  30◦ ﬂexion  (R  Neutral).
For  each  knee  during  each  test,  values  for  R  Internal,
 External  and  R  Total  at  Flexion0  and  Flexion30  were
btained,  along  with  the  R  Neutral  value  for  Flexion30,  thus
even  measured  variables  in  all.
tatistical  analysis
verage  and  standard  deviation  values  were  used  to  describe
he  calculated  values  during  the  two  test  phases  (Test1  and
est2)  for  the  seven  variables  on  the  22  knees.
The  intra-class  correlation  coefﬁcient  (ICC)  is  typi-
ally  used  to  assess  the  reproducibility  of  consecutive
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Table  1  Raw  data  for  all  the  subjects  and  both  tests.
Extension  Flexion30
Test1  Test2  Test1  Test2
Subject  Side  IR  ER  IR  ER  R0  IR  ER  R0  IR  ER
1 Right 9.02  −15.29  12.93  −17.25  4.02  7.28  −15.72  8.19  8.51  −14.30
Left 10.81  −19.29  10.42  −17.33  6.79  6.82  −9.97  0.95  6.09  −9.15
2 Right  10.40  −13.18  7.50  −12.33  9.93  9.22  −19.09  9.11  7.28  −18.54
Left 15.61  −18.52  9.17  −15.82  11.88  8.58  −21.02  9.84  4.01  −16.29
3 Right  5.80  −17.31  6.03  −14.15  0.78  10.95  −14.51  4.82  10.22  −15.95
Left 9.50  −16.33  10.73  −17.94  2.18  13.65  −18.75  2.62  13.23  −20.08
4 Right 7.18  −11.05  7.04  −10.19  3.12  8.02  −9.48  5.35  7.76  −12.10
Left 7.13  −17.91  6.17  −17.58  5.00  8.84  −13.23  2.44  7.69  −12.13
5 Right  7.21  −16.28  8.40  −17.64  5.33  6.71  −11.26  7.74  6.10  −18.58
Left 7.22  −16.99  8.38  −18.07  4.12  7.82  −16.38  2.08  7.77  −15.40
6 Right  8.05  −15.17  4.21  −12.25  1.92  5.16  −10.97  5.10  6.13  −15.85
Left 11.48  −13.79  8.27  −16.28  −2.57  9.73  −13.81  0.67  9.85  −9.18
7 Right  5.63  −6.56  3.13  −3.89  6.90  7.12  −6.90  2.50  3.29  −2.12
Left 5.07  −7.52  3.88  −6.05  2.64  4.78  −6.52  4.84  1.72  −4.06
8 Right  9.05  −15.36  7.71  −14.81  6.41  6.23  −5.52  4.92  6.14  −5.62
Left 9.53  −21.17  9.24  −21.79  7.94  6.23  −10.40  7.38  6.09  −6.96
9 Right  9.96  −13.43  9.61  −11.50  3.93  11.06  −8.90  4.56  8.54  −11.61
Left 10.59 −16.54  9.12  −12.68  10.88  9.19  −19.69  9.93  10.64  −12.59
10 Right  8.92  −7.87  6.41  −6.05  0.91  6.24  −6.51  5.24  3.87  −3.79
Left 9.94  −10.49  8.93  −7.07  6.89  4.16  −3.68  5.49  4.85  −4.60
11 Right 9.17 −14.51  9.43  −11.73  1.69  4.53  −3.84  −0.03  4.15  −2.40
Left 7.35 −11.67  7.35  −12.50  4.26  2.92  −3.70  0.80  3.53  −5.76
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wIR: internal rotation; ER: external rotation; R0: neutral rotation.
measurements  [22,23].  The  ICC  is  considered  good  if  the
ICC  >  0.7  and  very  good  if  the  ICC  is  >  0.8  [24]. Independent
tests  for  neutral  rotation  (R  Neutral)  at  30◦ ﬂexion,  inter-
nal  rotation  (R  Internal),  external  rotation  (R  External)  and
full  rotation  (R  Total)  were  performed.  Statistical  tests  were
performed  for  the  two  conditions:  Flexion0  and  Flexion30.
We  also  evaluated  the  reproducibility  of  the  measure-
ments  (Test1)  between  the  two  knees  (right  and  left)  for
each  subject  using  the  same  statistical  method.
Statistical  software  was  used  to  perform  the  descriptive
statistics  and  assess  the  ICC  (SPSS  18,  IBM  Corp  New  York,
USA).
Results
The  time  required  for  an  entire  test  (both  of  the  subject’s
legs)  was  about  5  min.  If  the  time  to  explain  the  study  to  the
subject,  put  the  markers  on  the  subject  and  remove  them  is
included,  the  operator  spent  less  than  10  min  on  the  entire
procedure.Raw  data  for  the  22  knees  are  provided  in  Table  1.  Aver-
age  and  standard  deviation  values  are  provided  in  Table  2
(columns  1  to  4).  The  neutral  rotation  in  Flexion30  averaged
4.77◦ during  the  ﬁrst  test  and  4.75◦ during  the  second  test
s
k
m
winternal  rotation  relative  to  the  extension  reference  posi-
ion).  Internal  and  external  rotation  was  less  while  in  ﬂexion
han  in  full  extension  for  both  testing  sessions.
The  ICC  between  Test1  and  Test2  is  given  in  the  last  col-
mn  of  Table  2.  The  ICC  was  below  0.90  only  for  internal
otation  in  full  extension  (0.73)  and  neutral  rotation  at  30◦
exion  (0.75).
Table  3  provides  a  comparison  between  the  right  and  left
nee.  Neutral  rotation  was  positive  in  Flexion30  in  both  the
ight  and  left  knee.  Internal  and  external  rotation  was  less
n  ﬂexion  than  in  extension.  The  ICCs  were  between  0.74
nd  0.86.
iscussion
nee  internal  and  external  rotation  is  typically  measured
assively  using  a  heavy  object  [22,25,26]. We  believe  that
he  lower  limb  should  be  tested  under  real-life  conditions,
hich  means  during  active,  weight-bearing  movements.
Our  results  in  full  extension  are  consistent  with  an  in  vitrotudy  performed  by  two  evaluators  [26]. However,  only  four
nees  were  tested  in  the  cited  study,  and  the  choice  of
arkers  used  to  measure  rotation  was  not  well  described,
hich  makes  it  impossible  to  directly  compare  our  ﬂexion
164  R.  Testa  et  al.
Table  2  Mean  internal  rotation,  external  rotation  and  full  rotation  values  for  all  the  knees  for  both  tests  and  the  intra-class
correlation coefﬁcient  between  Test1  and  Test2.
Test1 Test2  ICCTest1/Test2
Average Standard  deviation Average  Standard  deviation
Flexion0
Internal  R 8.85  2.32  7.91  2.33  0.73
External R −14.37  3.88  −13.40  4.65  0.95
Total R 23.22  5.26  21.32  6.31  0.90
Flexion30
Neutral R  4.77  3.51  4.75  3.03  0.75
Internal R  7.51  2.54  6.70  2.79  0.90
External R  −11.36  5.47  −10.78  5.70  0.90
Total R 18.87  7.50  17.48  7.80  0.92
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fBold = ICC > 0.75 (good to very good for the authors).
esults.  We  also  found  less  internal  and  external  rotation
n  Flexion30  in  comparison  to  the  above  study.  This  can  be
ttributed  to  our  test  protocol  comprising  active,  weight-
earing  movements.  The  knee  is  more  stable  during  weight
earing  [27]. Because  of  their  shape,  the  menisci  link  the
wo  segments  together  and  reduce  laxity  [28—30]. Since  the
uscles  are  active  during  the  test,  they  also  participate  in
nee  coaptation  [31].
The  tibia  was  internally  rotated  when  the  subject  was
t  the  neutral  starting  position  in  30◦ ﬂexion  (4.77◦ dur-
ng  Test1  and  4.75◦ during  Test2).  This  physiological  rotation
as  noted  by  Kanisawa  et  al.  [32]  in  a  post-ACL  reconstruc-
ion  study  with  weight-bearing  subjects.  When  going  up  and
own  a  25  cm  high  stair,  the  average  internal  rotation  while
n  30◦ ﬂexion  was  12◦.  Our  measured  internal  rotation  was
ower,  probably  because  the  subject  always  loaded  both  legs
nd  did  not  perform  dynamic  movements.
This  slight  neutral  rotation  in  30◦ ﬂexion  could  also  be
xplained  by  the  skin  movements  that  often  plague  stud-
es  using  optical  systems  [33—35]. However,  our  targets  are
on-deformable  tripods.  This  negated  the  relative  move-
ent  between  markers,  which  usually  needs  to  be  corrected
36,37].  In  addition,  very  slow  movements  without  impact
ere  performed  to  reduce  the  errors  that  are  known  to
d
n
g
Table  3  Average  internal  rotation,  external  rotation  and  full  rota
correlation coefﬁcient  (ICC)  between  right  and  left.
Right  
Average  Standard  deviation  
Flexion0
Internal  R  8.22  1.59  
External R −13.27  3.44  
Total R 21.49  3.97  
Flexion30
Neutral R  4.08  2.85  
Internal R  7.50  2.15  
External R  −10.25  4.68  
Total R  17.75  6.07  ccur  during  walking,  landing  or  abrupt  directional  changes
34]. But  it  is  impossible  to  be  totally  free  of  muscle
ontraction-related  effects  that  could  lead  to  unwanted
arker  movement  when  using  a  non-invasive  protocol  [38].
The  ICC  between  Test1  and  Test2  was  considered  good
or  a test  with  active  subject  participation.  The  ICCs  were
lmost  always  above  0.90,  which  suggests  that  this  system
nd  method  have  good  reproducibility  [39]. The  ICC  was
elow  0.75  for  internal  rotation  in  full  extension.  This  spe-
iﬁc  ICC  can  easily  be  improved.  In  a  post  hoc  analysis  of  the
aw  data  for  the  three  combined  rotation  planes  (ﬂexion-
xtension,  internal-external  rotation  and  varus-valgus),  we
etected  that  a  small  ﬂexion  movement  was  combined  with
nternal  rotation  in  certain  subjects,  but  this  was  not  sys-
ematic.  This  easy-to-perform  active  test  could  be  done  on
atients  at  any  stage  of  treatment:  before  surgery,  after
ehabilitation  and  after  2  years,  which  is  the  typical  follow-
p  date  for  ACL  reconstruction  and  prosthesis  surgery  in  our
epartment.  Test  results  could  be  correlated  to  static  data
rom  radiographs,  assessments  performed  by  the  clinician
uring  ofﬁce  visits  and  subjective  quality  of  life  question-
aires.
The  reliability  results  for  the  left-right  comparison  were
ood.  However  they  were  not  as  good  as  results  on  the
tion  values  for  Test1  with  a  left-right  comparison.  Intra-class
Left  ICC  right/left
Average  Standard  deviation
9.47  2.82  0.74
−15.47  4.14  0.79
24.95  5.99  0.82
5.46  4.09  0.65
7.52  3.00  0.79
−12.47  6.18  0.80
19.99  8.85  0.86
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[Reproducibility  of  method  to  measure  rotation  in  a  weight-b
reproducibility  between  Test1  and  Test2.  But  they  are  limi-
ted  because  of  being  performed  on  11  knees  instead  of  22
knees.  However,  they  conﬁrm  that  for  healthy  subjects,  if
no  other  data  is  available,  the  healthy  contralateral  limb  is
a  good  comparator  for  the  injured  limb  [39,40].  This  would
allow  results  to  be  analysed  right  away  by  comparing  data
from  the  two  knees.  Nevertheless,  we  can  hypothesize  that
for  pre/postsurgery  studies,  it  would  be  preferable  to  eva-
luate  a  knee  relative  to  itself  instead  of  relative  to  the  con-
tralateral  knee.
This  system  does  not  provide  the  same  precision  as  exis-
ting  clinical  research  instruments  because  ﬂexibility  and
speed  are  the  highest  priority  [26]. Because  of  the  simple
method  used  to  attach  the  targets,  they  could  have  moved
during  the  test  movements.  But  this  did  not  seem  to  be  the
case  for  the  rotation  movements  that  we  tested,  because
the  measurement  system  and  test  method  had  good  repro-
ducibility.  The  ﬂexibility  of  this  measurement  system  makes
it  possible  to  look  at  other  simple  movements  in  a  reduced
ﬁeld  of  vision:  ﬂexion-extension,  varus-valgus,  combination
movements  such  as  going  up  a  stair  or  rising  from  a  chair.
Thus,  the  reproducibility  of  these  tests  with  these  other
measurements  should  be  evaluated.
Conclusion
The  system  that  was  validated  in  this  study  allows  an  expe-
rienced  operator  to  reproducibly  measure  a  patient’s  knee
rotation  in  about  10  min.  With  active  patient  participation,
the  test  could  be  performed  before  the  surgeon’s  clinical
examination,  with  the  results  being  available  for  the  ofﬁce
visit.  Since  this  system  consists  of  an  acquisition  module  on
a  movable  stand  and  a  portable  computer,  it  can  be  eas-
ily  moved  and  quickly  installed.  We  are  putting  together  a
database  with  injured  patients.  By  performing  preoperative,
postoperative  and  postrehabilitation  tests,  the  device  will
allow  us  to  quantify  the  objective  improvement  seen  in  the
clinical  setting  after  ligament  surgery  or  arthroplasty.
Disclosure of interest
The  authors  declare  that  they  have  no  conﬂicts  of  interest
concerning  this  article.
References
[1] Malanga G, Andrus S, Nadler S, McLean J. Physical examina-
tion of the knee: a review of the original test description and
scientiﬁc validity of common orthopedic tests. Arch Phys Med
Rehabil 2003;84:592—603.
[2] Lubowitz JH, Bernardini BJ, Reid 3rd JB. Current concepts
review: comprehensive physical examination for instability of
the knee. Am J Sports Med 2008;36:577—94.
[3] Boyer P, Djian P, Christel P, et al. Reliability of the KT-
1000 arthrometer (Medmetric) for measuring anterior knee la-
xity: comparison with Telos in 147 knees. Rev Chir Orthop
2004;90:757—64.[4] Highgenboten CL, Jackson A, Meske NB. Genucom, KT-1000,
and Stryker knee laxity measuring device comparisons. Device
reproducibility and interdevice comparison in asymptomatic
subjects. Am J Sports Med 1989;17:743—6.
[ng  knee  165
[5] Robert H, Nouveau S, Gageot S, Gagnière B. A new knee
arthrometer, the GNRB®: experience in ACL complete and par-
tial tears. Orthop Traumat: Surg Res 2009;95:171—6.
[6] Beldame J, Bertiaux S, Roussignol X, et al. Laxity measure-
ments using stress radiography to assess anterior cruciate
ligament tears. Orthop Trauma Surg Res 2011;97:34—43.
[7] Labbe DR, de Guise JA, Godbout V, et al. Accounting for
velocity of the pivot-shift test manoeuvre decreases kinematic
variability. Knee 2010;18:88—93.
[8] Hagemeister N, Parent G, Van de Putte M, et al. A reproducible
method for studying three-dimensional knee kinematics. J
Biomech 2005;38:1926—31.
[9] Testa R, Chouteau J, Philippot R, et al. In vitro analysis of
varus-valgus laxity of the knee joint: comparison of clinical
evaluation with measurements using a reference motion ana-
lysis system. IRBM 2010;31:302—8.
10] Shultz SJ, Shimokochi Y, Nguyen AD, et al. Measurement of
varus-valgus and internal-external rotational knee laxities in
vivo–Part I: assessment of measurement reliability and bilateral
asymmetry. J Orthop Res 2007;25:981—8.
11] Lo J, Muller O, Wunschel M, et al. Forces in anterior
cruciate ligament during simulated weight-bearing ﬂexion
with anterior and internal rotational tibial load. J Biomech
2008;41:1855—61.
12] Woo SL, Kanamori A, Zeminski J, et al. The effectiveness of
reconstruction of the anterior cruciate ligament with ham-
strings and patellar tendon. A cadaveric study comparing
anterior tibial and rotational loads. J Bone Joint Surg Am
2002;(84—A):907—14.
13] Georgoulis AD, Ristanis S, Chouliaras V, et al. Tibial rotation is
not restored after ACL reconstruction with a hamstring graft.
Clin Orthop Relat Res 2007;454:89—94.
14] Chouteau J, Lerat JL, Testa R, et al. Kinematics of a cement-
less mobile-bearing posterior cruciate ligament-retaining total
knee arthroplasty. The Knee 2009;16:223—7.
15] Chouteau J, Lerat JL, Testa R, et al. Mobile-bearing insert
translational and rotational kinematics in a PCL-retaining
total knee arthroplasty. Orthop Trauma Surg Res 2009;95:
254—9.
16] Chassat F, Lavallée S, Experimental protocol of accuracy
evaluation of 6-D localizers for computer-integrated surgery:
application to four optical localizers, in Medical Image Comput-
ing and Computer-Assisted Intervention —– MICCAI’98. 1998. p.
277—284.
17] Lopomo N, Bignozzi S, Martelli S, et al. Reliability of a naviga-
tion system for intra-operative evaluation of antero-posterior
knee joint laxity. Comput Biol Med 2009;39:280—5.
18] Martelli S, Zaffagnini S, Bignozzi S, et al. Validation of
a new protocol for computer-assisted evaluation of kine-
matics of double-bundle ACL reconstruction. Clin Biomech
2006;21:279—87.
19] Grood E, Suntay W.  A joint coordinate system for the clinical
description of three-dimensional motions: application to the
knee. J Biomech Eng 1983;105:136—44.
20] Wu G, Siegler S, Allard P, et al. ISB recommendation on def-
initions of joint coordinate system of various joints for the
reporting of human joint motion–part I: ankle, hip, and spine.
J Biomech 2002;35:543—8.
21] Martelli S, Zaffagnini S, Falcioni B, Motta M. Determination of
an optimal kinematic protocol for computer-assisted evalua-
tion of anterior cruciate ligament deﬁciency. Ann Biomed Eng
2001;29:1112—21.
22] Tsai A, Musahl V, Steckel H, et al. Rotational knee lax-
ity: reliability of a simple measurement device in vivo. BMC
Musculoskelet Disord 2008;9:32, doi:10.1186/1471-2474-9-35
[http://www.biomedcentral.com/1471-2474/9/35].
23] Philippot R, Chouteau J, Testa R, Moyen B. In vitro analy-
sis of patellar kinematics: validation of an opto-electronic
1[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[66  
cinematic analysis protocol. Knee Surg Sports Traumatol
Arthrosc 2010;18(2):161—6 [E-pub 2009 Oct 14].
24] Vincent WJ. Statistics in kinesiology: human kinetics. 3rd ed.
Illinois: Human kinetics Champaign; 2005.
25] Park HS, Wilson NA, Zhang LQ. Gender differences in passive
knee biomechanical properties in tibial rotation. J Orthop Res
2008;26:937—44.
26] Musahl V, Bell K, Tsai A, et al. Development of a simple device
for measurement of rotational knee laxity. Knee Surgery Sports
traumatology. Arthroscopy 2007;15:1009—12.
27] Hsieh HH, Walker PS. Stabilizing mechanisms of the loaded and
unloaded knee joint. J Bone Joint Surg Am 1976;58:87—93.
28] Masouros SD, McDermott ID, Amis AA, Bull AM. Biomechanics
of the meniscus-meniscal ligament construct of the knee. Knee
Surg Sports Traumatol Arthrosc 2008;16:1121—32.
29] Vedi V, Williams A, Tennant SJ, et al. Meniscal movement.
An in vivo study using dynamic MRI. J Bone Joint Surg Br
1999;81:37—41.
30] Renstrom P, Johnson RJ. Anatomy and biomechanics of the
menisci. Clin Sports Med 1990;9:523—38.
31] Welsh RP. Knee joint structure and function. Clin Orthop Relat
Res 1980:7—14.32] Kanisawa I, Banks AZ, Banks SA, et al. Weight-bearing knee
kinematics in subjects with two types of anterior cruciate
ligament reconstructions. Knee Surg Sports Traumatol Arthrosc
2003;11:16—22.
[R.  Testa  et  al.
33] Leardini A, Chiari L, Della Croce U, Cappozzo A. Human
movement analysis using stereophotogrammetry - part 3. Soft
tissue artifact assessment and compensation. Gait Posture
2005;21:212—25.
34] Benoit DL, Ramsey DK, Lamontagne M, et al. Effect of skin
movement artifact on knee kinematics during gait and cutting
motions measured in vivo. Gait Posture 2006;24:152—64.
35] Bonnefoy A, Pradon D, Chèze L. Les systèmes d’analyse du mou-
vement : techniques et principes, protocoles, sources d’erreurs
et solutions. ITBM-RBM News 2005;26:24—32.
36] Cheze L, Fregly BJ, Dimnet J. A solidiﬁcation procedure to
facilitate kinematic analyses based on video system data. J
Biomech 1995;28:879—84.
37] Dumas R, Cheze L. Soft tissue artifact compensation by
linear 3D interpolation and approximation methods. J Biomech
2009;42:2214—7.
38] Sudhoff I, Van Driessche S, Laporte S, et al. Comparing three
attachment systems used to determine knee kinematics during
gait. Gait Posture 2007;25:533—43.
39] Shultz SJ, Nguyen AD. Bilateral Asymmetries in clinical mea-
sures of lower-extremity. Anatomic characteristics. Clin J Sport
Med 2007;17:357—61.40] Miura K, Ishibashi Y, Tsuda E, et al. Intraoperative comparison of
knee laxity between anterior cruciate ligament-reconstructed
knee and contralateral stable knee using navigation system.
Arthroscopy 2010;26:1203—11.
